Two populations of seaweed flies (Coelopa frigida) from the north-east coast of England were sampled at approximately monthly intervals. Single samples were also collected from populations on the south coast. The allele and genotype frequencies at the alcohol dehydrogenase locus, known to be associated with the large a/13 chromosomal inversion, were determined for each of the 34 samples.
INTRODUCTION
One of the principal aims of ecological genetics is to explain the frequencies of genetic variants in natural populations in terms of environmental variables. Despite many years of endeavour there are still rather few examples for which a clear link has been established between specific environmental variables and allele frequencies. Among the best known cases are the visible polymorphisms in Biston betularia (Brakefield, 1987) and Cepaea nemoralis (Cain and Shepphard, 1954) , allozyme polymorphisms in Mytilus edulis (Koehn, 1978) and Drosophila melanogaster (van Delden, 1982) , and of course, sickle cell disease in man (Allison, 1954) . Even in these species a complete description of the selection pressures involved is not yet available. Unlike enzyme polymorphisms, there is generally no question about the existence of selection maintaining chromosomal inversion polymorphisms, and the selection pressures may be substantial. Inversion systems should, therefore, be good candidates for studying the ecological factors responsible for selection but this approach has not been exploited because of the difficulty of defining the natural habitat of species such as D. pseudoobscura on which the classical studies of inversion polymorphism were conducted (Wright and Dobzhansky, 1946) .
The identification of selective agents influencing a polymorphism must involve at least two phases: correlation of allele or genotype frequencies in natural populations with environmental variables, and manipulation of environmental variables in laboratory populations. Only a combination of these two types of observation can establish a link between an environmental variable and the polymorphism, and even then it may be necessary to demonstrate the mechanistic relationship between the gene and the selective agent to establish that the link is causal (Clarke, 1979) . The habitat of the seaweed fly, Coelopafrigida, is clearly defined; it lives only in piles of decaying seaweed cast up on beaches by tides and winds (Dobson, 1974a (Dobson, , 1976 . So far all populations studied in northern Europe are polymorphic for a large inversion on chromosome I (Butlin et a!., 1982a; Day et a!., 1983; and unpublished data) .
Inversion frequencies in natural populations strongly suggest that the polymorphism is maintained by selection, and laboratory experiments indicate that at least three types of selection may operate: heterokaryotypic advantage in egg to adult viability (Butlin et a!., 1984) , variation in development time (Day et a!., 1980) , and sexual selection (Butlin et a!., 1982b , Day et a!., 1987 . This is therefore a promising system in which to study the connection between environmental parameters and inversion frequencies. in this paper we report on a series of samples from natural populations and examine the extent to which selection pressures identified in the laboratory can explain variations in the inversion frequencies observed.
METHODS
Samples of seaweed flies were collected as larvae from ten sites on the north-east and south coasts of England from March 1981 to March 1982 (see Appendix for details of sites). Two sites were sampled repeatedly (St. Mary's island, SM, and Whitburn, WH) to give a total of 34 samples (12 from SM, 10 from WH and 12 others). Larvae were kept in the seaweed in which they were collected and emerging adults were removed and stored at -25°C. A sub-sample from the total pool of adults emerging from a collection (often several thousand individuals) was used for genetic analysis. (This is the "larval" method of Butlin et a!., 1982a) .
Chromosome I in C. frigida has two arrangements, designated a and /3, related by a complex pattern of overlapping inversions (Aziz, 1975) . To score flies for the inversion we took advantage of a close association between the inversion and the Adh locus (Day et al., 1982) , The Adh-B allele is always found with the a arrangement and the Adh-D allele with the /3. Three other Adh alleles are present; the Adh-C allele which occurs with both arrangements, and the rare Adh-A and -E alleles whose inversion associations are unknown. Methods for electrophoresis have been described by Butlin et a!., (1982a) . For reasons outlined below only data on females were used in the analysis although electrophoresis was carried out on both sexes. A total of more than 3700 individual females were scored from the 34 collections; sample sizes are given in the Appendix.
In addition to these genetic data, information was also collected at the time of sampling on a range of environmental variables as follows:
(1) date of collection (2) made specific predictions about the expected associations based on information already available concerning the a//3 inversion system. This places us in a much stronger position when testing for associations in the field data.
Before describing these predictions it will be helpful to consider a caveat about the sampling procedure. Seaweed beds were sampled at random times in their life span, which is principally determined by the cycle of spring tides and by gales (Dobson, 1974a) . The chromosome I inversion is known to influence development time (Day et a!., 1980) and so there is a very real risk of biased sampling. We attempted to reduce this bias by collecting from beds containing only larvae-that is before pupation had started. However, this was not always easy to ascertain and so it is possible that some samples were deficient in the fast developing /3f3 karyotype. On the other hand, when seaweed was collected with very young larvae there may have been some truncation of the emergence period due to sub-optimal laboratory conditions, such as the build up of waste products or predator populations. This could cause under-representation of the slow developing aa karyotype.
Development time variation is much greater in males than females (Day eta!., 1980) and so sampling errors of this kind could be expected to be greater in males. Consequently we have restricted our analysis entirely to females. This causes a substantial reduction in sample sizes but, nevertheless, reduces the variability of samples considerably.
Prediction 1
In laboratory tests a/3 heterokaryotypes have a higher egg to adult viability than aa or /3f3 homokaryotypes. The aa karyotype generally has the lowest viability (Butlin et a!., 1984) . This predicts that in field samples there should be an excess of a/3 (Adh-BD) over Hardy-Weinberg expectations with corresponding deficiencies of aa (BB) and f3/3 (DD), the greater deficiency being for BB.
Assuming no direct effect of the Adh locus, the genotypes BC, CD and CC should show little departure from Hardy-Weinberg expectations.
These predictions have usually been borne out in previous samples (Butlin et a!., 1982a (Butlin et a!., , 1984 but their generality can be tested with this much larger data set.
Prediction 2 Viability differences increased with larval density in laboratory experiments as well as a small series of field samples (Butlin et a!., 1984) . This predicts that there will be a relationship between larval density and deviations from Hardy-Weinberg expectations.
Prediction 3
The viabilities observed in laboratory trials predict an equilibrium frequency of a in the region 04-0 5 in the absence of other selection pressures. This should be reflected in a similar frequency of the Adh-B allele amongst Adh-B and -D alleles, although these allele frequencies can vary to some extent independently of inversion frequencies because of the presence of the Adh-C allele on both arrangements.
Viability selection also predicts that in sequences of samples from a single location the change in allele frequency from one generation to the next q, should be related to the starting allele frequency. As all samples are likely to be at frequencies close to equilibrium, there should be a negative linear regression of tq on q with an equilibrium point in the region 04-05 (where q is the frequency of a, estimated as the frequency of Adh-B amongst Adh-B and -D alleles).
Prediction 4 Census population sizes of C.jrigida are very large, often in the region of iO9-iO° larvae in a seaweed bed of 1000 m3 (Butlin eta!., 1984 and unpublished data) . If the effective population size is also large then the regression in Prediction 3 should explain most of the variation in allele frequencies from generation to generation for Adh-B and Adh-D, while the rarer alleles Adh-A, -C and -E, which may be much less affected by selection on the inversion, should show little variation in frequency with time. However, the extent of inter-colony migration in C. frigida is unknown (but see Dobson, 1974a) , so that no firm prediction can be made about geographical variation for these alleles. C. frigida is quite a strong flier and can on occasions cover large distances (Oldroyd. 1954 ) so that one might expect little variation between sites on one coast (either south or north-east), but potentially substantial variation between coasts.
Prediction 5 The variation in development time of the karyotypes (13k developing fastest and aa slowest, Day et a!., 1980) is expected to interact with the life span of seaweed beds to influence inversion frequencies. Seaweed beds are typically deposited by high spring tides and removed by the next cycle of spring tides 28 days later. On this basic cycle is superimposed the effect of storms, with more frequent storms producing shorter lifetimes on average. High temperatures also affect the effective longevity of seaweed beds by speeding decomposition such that seaweed fly eggs are laid sooner, and by accelerating fly development.
We therefore predict that the frequency of the a inversion (Adh-B) should increase when the ambient temperature is high and when storm frequencies are low, and should decrease in the opposite conditions. This may generate an annual cycle in inversion frequencies with a increasing in summer and decreasing during winter. It may also produce a coastal difference if, for example, the south coast is more sheltered or warmer.
Prediction 6 C. pilipes develops more slowly than C. frigida under similar conditions (Dobson, 1974b; Butlin, 1983 ). This predicts a correlation between the frequency of C. pilipes and the frequency of the a inversion.
These predictions have been tested with the data presented in the Appendix. In addition, other environmental variables have been scanned for effects on gene and genotype frequencies but, as noted above, results from this approach carry much less weight than the tests based on a priori predictions.
RESULTS
In the following analyses the individual samples have been treated as independent data points. In reality this is clearly not always true since the gene frequencies in a population at any one time must depend in part on the frequencies in preceeding generations. In practice this is only likely to be a problem in the two populations sampled at frequent intervals-St. Mary's Island and Whitburn. The extent of the interdependence of samples can be estimated by autocorrelation. The correlation between frequencies of Adh-B in samples taken from the same population less than 40 days apart (and probably from consecutive generations) using samples from both SM and WH is r=0503 (n = 18, P <0.05). Hence there is significant autocorrelation which must be taken into consideration in some of the following analyses. However, it only accounts for one quarter of the variation in allele frequencies leaving substantial variation which may be correlated with the environmental parameters of interest. The data have been analysed without transformation except with C. pilipes frequencies which span a very wide range. In this case arcsine transformation of pilipes/(pilipes +frigida) was used. A significant effect of larval density in natural seaweed beds has been found by Butlin et at., (1984) . They used a more objective method of estimation of larval density that allowed for patchi- c) ). These estimates, which appear reasonable in relation to laboratory studies of viability, predict a slope of the regression of tq on q of about -015 to -020 in the region of . This is much less than the observed slope.
The slope of the regression may be inflated by errors in the estimation of allele frequencies in a few samples since aberrant points will be followed by an apparent return towards the equilibrium frequency. However, we consider that with the precautions outlined above, we have achieved a reliable measure of gene frequency. Another possibility is that more than one generation might have elapsed between consecutive samples; this is most unlikely since only samples collected less than 40 days apart were used. An alternative explanation of the regressions is that additional selection pressures are operating. Extremely strong heterozygote advantage would be needed to produce the observed slope; another possibility is that some types of frequency-dependent selection may be operating.
Prediction 4
Effective population sizes can be estimated from temporal sequences of allele frequencies using the method of Pollak (1983) . This method was designed for use with data over several generations and so is particularly appropriate here. Pollak Burnet (1961) using entirely different methods and is typical of such studies in general (Pollak, 1983) .
Geographical variation in frequencies of the A, Cand E alleles which were assumed to be little affected by selection on the inversion, indicates substantial isolation between the north-east and south coasts (table 4) . This is expected because they are separated by several hundred kilometres of unsuitable coastline. There was also a difference in the frequency of the A allele between SM and WH. This is much more surprising as the two sites are separated by less than 20km, and intervening colonies do exist. It may reflect the fact that intercolony migration in Coelopa is sporadic.-flies normally move very short distances (Dobson, 1974a) although occasional movement over long distances can occur (Oldroyd, 1954) .
Prediction 5
The possibility of seasonal fluctuations in inversion frequencies was examined by including the month of the year as a factor in a stepwise multiple regression analysis (discussed further below).
"Month" was in all cases the first term to be added and it explained about 40 per cent of the variance in Adh-B and -D allele frequencies (table 5) . There was a clear seasonal cycle in frequencies with an amplitude of about 0.1 A sharp fall is apparent from December to April, and steady rise for the remainder of the year ( fig. 1 ). This is precisely the pattern predicted from the data on development times of the inversion types. The prediction that the south coast should have a higher mean a frequency is uncertain since there is much variation on both coasts in tempeature and shelter from gales. In addition, the test is somewhat insensitive since fewer samples are available from the south coast than from the north east coast. The overall mean proportion of Adh-B alleles amongst B and D alleles was 0452±0016 for the south coast, and 0439 001l for the north east coast. This difference is in the expected direction but is small, especially by comparison with the difference between SM and WH (table 3(a)).
Regression of Adh-B, -D and B/(B+D)
frequencies on each of the twelve weather variables were calculated for both the full data set and for SM and WH alone. Few significant values and no patterns were obtained for the sunshine or rainfall parameters. However, patterns were evident for both gales and temperatures. Each of these parameters when summed over the three months preceding a sample gave significant regressions (P< 0•05 in all six comparisons for T3, and in five out of six comparisons for G3). Two regressions for G2 and one for GI were also significant but none for TI nor T2. In all cases Adh-B frequency increased at higher temperatures and with less frequent gales.
Clearly both gales and temperatures are correlated with month of the year and so their regressions do not provide evidence for a causal association. In the stepwise multiple regression analysis (see below) the effects of G3 and T3 were never significant after the term for the month had been added. Only G3 explained any additional variation and in this case the improvements were very slight. On this basis there is no way to distinguish the effects of gales or temperatures in induc.. ing the seasonal cycle.
Prediction 6 Regression of allele frequencies on the proportion of C. pilipes in samples were in the directions expected from the longer development time of C. pilipes, but were not statistically significant (table   6 ). No annual cycle was detected in the data for proportions of the two species although this has been suggested in the past (1)obson, 1974a), and might also be expected using the same argument as predicted a cycle in inversion frequencies. Presumably other factors influence the relative numbers of the species. beds. This is comparable to the effect predicted for increased larval density and it may be true that small seaweed beds tend to have higher larval densities, or that they are more "stressful" in other aspects.
Adh-B frequency varied significantly among larval density classes, with the major differences existing between the lowest density and the other three density classes. This is similar to the relationship between density and deviations from HardyWeinberg excess. However, it is surprising that the higher densities were associated with higher Adh-B frequencies:
density 1 B/(B+D)=0.383±OO18, density 2 B/(B+D)=0468±0026, density 3 B/(B+D)=0463±0028, density 4 B/(B+D)=0428±O026.
Stepwise multiple regression Five parameters suspected of showing effects on allele frequencies were included in a stepwise multiple regression analysis for the allele frequencies Adh-B, -C, -D and B/(B+D) and for either the full data set or for SM and WH samples separately. At each step the parameter was added that caused the greatest reduction in the residual variance. The parameters included were; month, area, C. pilipes frequency, temperature (T3) and gales (G3). The results are summarised in table 5.
Adh-C frequencies showed no significant associations, whilst Adh-B and -D frequencies showed reciprocal effects as expected if selection acts on the inversion rather than the Adh locus. There was a highly consistent effect of month reflecting an annual cycle in inversion frequencies as described above. The only other term to enter significantly was seaweed bed area, reinforcing the conclusion from single parameter analyses, and demonstrating the independence of this effect from the seasonal cycle. After removing variation due to time of year, model that incorporated some of these differences-development time, longevity, fecundity and mating success-and in which the probability of stochastic removal of seaweed beds varied with season. The role of temperature was not considered in this simulation. The data available do not provide a distinction between the potential influences of gales and temperature but their effects should be separable given sufficiently detailed data on the sequence of seaweed beds at a site. Continuous observation of a single locality would appear to be the best approach for further field sampling. An alternative method of separating influences on inversion frequencies may be to apply the present conclusions to a completely separate data set from an area of very different environmental
influences. An extensive programme of sampling has been carried out in Sweden which meets these requirements (Day et a!., 1983, and unpublished data) . In the Baltic region, seaweed beds are more stable than in the North Sea or English Channel probably due to differences in tidal patterns. As the tidal influence declines the frequency of the /3 inversion initially falls, but then rises again. This can be interpreted in the same way as the annual cycle in British samples: as the longevity of seaweed beds increases, selection initially favours due to the advantage of larger size. However, when lifetimes are so long that /3/3 flies can regularly complete two generations in a single bed, selection would switch to favouring /3.The pattern of inversion frequencies could also be explained by other environmental parameters that vary in the entrance to the Baltic, such as temperature, salinity, and algal composition. Further sampling will clearly be necessary before we can distinguish between these alternatives.
